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Correspondence Address: A digitally-controlled, DC/DC converter includes a 
ArthurJ‘ Conmeyer switched-mode power stage for the purpose of converting an 
PO _BOX 6_874 input voltage (Vin) into an output voltage (Vout); the power 
Inchne Vlllage, NV 89450 (Us) stage including a controllable switching device, which is 

_ _ turned ON and OFF by a control device with temporal 
(73) Asslgnee? Klawe Forest’ LLC resolution At. The converter further includes a duty cycle 

control mechanism for controlling the duty cycle of the 
(21) APP1- NOJ 11/480,608 controllable switching device; the duty cycle control mecha 

_ nism including a mechanism for estimating the output 
(22) Flled? Jul- 31 2006 voltage error, and a selector mechanism for determining the 

_ _ turn OFF and turn ON times of the controllable switching 
Related U-s- APPhcatmn Data device by choosing, cycle by cycle, an ON time/OFF time 

_ _ _ _ _ pair from a working set of two quantized ON time/OFF time 
(63) COmmuanOn-ln-pan of aPPhCanOn NO- 11/008,481’ pairs, choosing in such a manner that the amplitude of the 

?1ed_0n DeC-_8,2004,I10WP21L'N0- 6,992,469 output voltage error is continually minimized. At each 
comlnuatlon'ln'pan of aPPhCatlOn N0~ 11/180,399, switching cycle, the current output voltage error estimate is 
?led On Jul. 12, 2005, HOW Pat- NO- 7,098,641- generated, and an ON time/OFF time pair is chosen. Where 
Continuation-in-part of application No. 11/280,676, the output voltage error estimate is small, the choice is 
?led on Nov. 17, 2005, now Pat. No. 7,109,695. determined via a Bresenham sequence generator. 
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ADAPTIVE DIGITAL VOLTAGE REGULATOR 
WITH BRESENHAM SEQUENCE GENERATOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part applica 
tion of, and claims priority under 35 U.S.C. §120 from, US. 
Pat. No. 6,992,469, entitled “Digital Voltage Regulator for 
DC/DC Converters” issued on Jan. 31, 2006, and co-pend 
ing US. patent applications Ser. No. 11/180,399, entitled 
“Adaptive Digital Voltage Regulator” ?led on Jul. 12, 2005, 
and Ser. No. 11/280,676, entitled “Adaptive Digital Voltage 
Regulator With Same-Cycle Feedback,” ?led on Nov. 17, 
2005, the subject matter of Which is incorporated by refer 
ence herein in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not Applicable 

BACKGROUND OF THE INVENTION 

[0003] The invention pertains generally to the ?eld of 
poWer conversion, and more particularly to digitally-con 
trolled sWitched-mode DC/DC converters. 

[0004] A broad class of sWitched-mode DC/DC poWer 
converters exists With the property that the ratio of the 
average output voltage to the input voltage is determined by 
the average duty cycle of a controllable sWitching device 
Within the poWer conversion stage of the converter. 
Examples include buck, boost, inverting buck-boost, for 
Ward, and ?yback converters, operated in the continuous 
conduction mode (CCM). Where the input voltage (line) or 
the output current (load) or both vary sloWly, or there is a 
requirement to track abrupt changes in load With minimal 
output voltage error, regulation of these converters is accom 
plished by continually estimating the output voltage error 
(the output voltage error being the difference betWeen the 
uncorrupted output voltage and the desired output voltage) 
and continually adjusting the duty cycle of the sWitching 
device to compensate for changes in load conditions mani 
fest in output voltage error estimates. In this case, the act of 
regulation consists of controlling, cycle by cycle, the duty 
cycle of the sWitching device in accordance With output 
voltage error estimates, so that the amplitude of the output 
voltage error is continually minimized. 

[0005] Regulation mechanisms for this purpose, knoWn as 
PWM regulators, generally incorporate a pulse Width control 
mechanism and a duty cycle control mechanism, Where the 
former generates the ON pulse appropriate to the realization 
of the duty cycle generated by the latter. Accordingly, the 
goal of the duty cycle control mechanism is to estimate the 
target duty cycle (the target duty cycle being the duty cycle 
essential to achieve the desired output voltage). A duty cycle 
control mechanism is commonly a feedback mechanism, 
driven by the output voltage error, but it could as Well be a 
feedforWard mechanism, driven by the input voltage, or it 
could be some combination of the tWo. 

[0006] The most commonly used pulse Width control 
mechanisms are analog in nature; that is they accept as input 
a continuously variable analog signal representing the 
desired duty cycle, and they output pulses of continuously 
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variable Width. As in other previously analog ?elds, con 
tinuous advances in integrated circuit technology have 
stimulated the application of digital techniques to the ?eld of 
poWer conversion. As a result, the ?rst digital PWM control 
mechanisms, replacing analog PWM control mechanisms, 
have been developed and are being applied together With 
digital duty cycle control mechanisms, to realize digital 
implementations of familiar analog PWM regulators. Digital 
PWM control mechanisms are generally implemented using 
a counter and a comparator or a multistage ring oscillator. In 
the case of the former, a faster clock (for improved temporal 
resolution) implies higher poWer dissipation, impacting effi 
ciency. In case of the latter, more ring oscillator stages (for 
improved temporal resolution) implies more silicon area, 
impacting manufacturing cost. 

[0007] Whether counter-comparator or multistage-ring 
oscillator, it is the nature of digital PWM regulation mecha 
nisms that the generated pulse Widths (and consequently, the 
commanded duty cycles) are quantizedia consequence of 
the temporal resolution of the digital PWM control mecha 
nism. If the temporal resolution of the PWM control mecha 
nism is At, then the pulse Widths are constrained to be 
integral multiples of At. For the purposes herein, We shall 
assume that sWitching cycles, spanning consecutive ON and 
OFF pulses, are likeWise constrained to be integral multiples 
of At. 

[0008] One challenge to those Who Would apply digital 
PWM regulation mechanisms to poWer converters, espe 
cially DC/DC converters employed in battery-poWered 
mobile applications, is the challenge of achieving acceptable 
application performance With digital regulation mecha 
nisms. Quantization of pulse Widths translates into quantized 
duty cycles, Which constrain the ability of any duty cycle 
control mechanism to limit output voltage error to an 
arbitrary application-dictated level. 

[0009] To understand the nature of this challenge, consider 
a DC/DC converter in a battery poWered mobile application. 
The sWitching frequency is typically set in the neighborhood 
of 1 MHZ, to minimize the size and cost of discrete com 
ponents and maximize the operating ef?ciency of the con 
verter. Assuming a ?xed sWitching frequency of 1 MHz, a 
digital PWM regulation mechanism operating at 16 MHz 
Would thus be able to generate pulses Widths of 0, 1/16 usec, 
2/16 usec, 3/16 usec . . . 16/16 usec, translating to just 17 

instantaneous duty cycles (including 0 and 1) available to 
the duty cycle control mechanism. To maintain the desired 
output voltage over a range of line and load conditions, the 
regulator must sequence a pair of these quantized duty 
cycles, one smaller than the target duty cycle, and the other 
larger, applying the converter’s output ?lter to achieve a 
time-averaged duty cycle equal to the target duty cycle. 

[0010] In one embodiment of this concept (cf. US. Pat. 
No. 5,272,614), the duty cycle control mechanism incorpo 
rates coarse and ?ne quantizers to effect the time averaging 
While the subsequent duty cycle is being computed. In 
another embodiment of this concept (cf. US. Pat. No. 
6,677,733), the duty cycle control mechanism examines the 
output voltage error estimate Within each sWitching cycle, 
and if it is positive, selects the smaller duty cycle for the next 
cycle of the sWitching device. Similarly, if the current output 
voltage error estimate is negative, it selects the larger duty 
cycle for the next cycle of the sWitching device. While 
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simple and effective, this duty cycle control mechanism is 
limited (by the resolution of the available duty cycles) in its 
ability to regulate Within acceptable levels of output voltage 
error. 

[0011] To achieve acceptable levels of output voltage 
error, the elimination of steady-state limit cycles, character 
istic of digital PWM regulated converters is generally nec 
essary. In a paper entitled “Quantization Resolution and 
Limit Cycling in Digitally Controlled PWM Converters”, 
published in the January, 2003, issue of IEEE Transactions 
on PoWer Electronics, authors Peterchev and Sanders 
describe the limit cycling behavior of digitally regulated, 
?xed frequency buck converters and enumerate a number of 
conditions necessary to prevent such behavior. The paper 
also describes the incorporation of digital dither Within the 
duty cycle control mechanism to improve the effective 
resolution of the digital PWM control mechanism, applying 
the sWitching pattern approach described in US. Pat. No. 
5,886,513, to closed loop control. 

[0012] The authors noted that to achieve a regulation 
resolution (error) of the order of 10 mv, With an input voltage 
of the order of 5 volts, 10 bits of digital PWM resolution is 
required, implying a 1 GHZ clock (in a counter-comparator 
implementation) or 1024 stages (in a multistage ring oscil 
lator implementation) assuming a sWitching frequency of 1 
MHZ. On a more optimistic note, the authors presented 
experimental results demonstrating the application of digital 
dither to reduce the requisite digital PWM resolution from 
10 bits to 7 bits in regulating a 4-phase buck converter. 
While the poWer dissipation associated With a 128 MHZ 
clock may be acceptable in multiphase applications, the 
World of battery-poWered mobile applications is another 
story. In mobile applications, the requirement for clock 
frequencies of the order of 128 MHZ (or for expensive 
multistage ring oscillators) Will delay if not preclude the 
adoption of digital PWM regulators. 

[0013] Clearly there is a need for digital control methods 
that mitigate the requirement for higher clock frequencies or 
higher-cost controller implementations solely for the pur 
pose of achieving acceptable output voltage error in a broad 
class of DC/DC converters. 

BRIEF SUMMARY OF THE INVENTION 

[0014] The primary objective of this invention is to pro 
vide digital control methods that mitigate the requirement 
for higher clock frequencies solely for the purpose of 
achieving acceptable output voltage error in a broad class of 
DC/DC converters. 

[0015] To this end, a digital duty cycle control mechanism, 
incorporating a mechanism for estimating the output voltage 
error, a mechanism for estimating the target duty cycle, a 
novel duty cycle quantiZation mechanism for determining, 
for a target duty cycle estimate, a ?rst set of three or more 
quantiZed duty cycles, speci?ed in terms of their quantiZed 
ON and OFF times, and suitable for regulating the output 
voltage, and a novel output-voltage-error-estimate-driven 
duty cycle selector mechanism for determining the turn ON 
and turn OFF times of the sWitching device by choosing, 
cycle by cycle, from a second set of tWo or more quantiZed 
duty cycles, derived from the ?rst set, is disclosed. 

[0016] The novelty of the duty cycle quantiZation mecha 
nism folloWs from the insight that the output voltage error 
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resulting from a sequence of quantiZed sWitching cycles (a 
cycle being the sum of consecutive ON and OFF times) 
decreases as the number of quantiZed sWitching cycles 
available to generate the sequence increases; and that the 
number available can be expanded by relaxing the (prior art) 
premise that all sWitching cycles be ?xed in length, cycle by 
cycle, under nominal load conditions. If, for example, the 
sWitching cycle Were alloWed to shrink/stretch by the tem 
poral resolution of the digital PWM control mechanism, the 
number of available sWitching cycles increases three-fold, 
With the potential for comparable reductions in output 
voltage error. If the sWitching cycles Were alloWed to 
shrink/ stretch by as much as tWice the temporal resolution of 
the digital PWM control mechanism, the number of avail 
able sWitching cycles increases ?ve-fold. 

[0017] The novelty of the duty cycle selector mechanism 
folloWs from the insight that in a temporally quantiZed 
sWitching environment, the mechanism controlling the 
sWitch (Whether feedback, feedforWard, or a combination of 
the tWo) is fundamentally limited in the amount of useful 
information it can provide the digital PWM control mecha 
nism at each cycling of the sWitch. In certain applications, 
practical considerations may limit the temporal resolution to 
as little as 4 or 5 bits. Under these circumstances, When it is 
impossible, in the absence of noise and in the presence of 
in?nite computational poWer, to form a pulse of the Width 
required to drive the output voltage error precisely to Zero, 
it is especially important to respond quickly When the error 
changes sign, as taught in the previously cited prior art. In 
other Words, output voltage error feedback must be imme 
diate, even if its reliability is limited to 1 bit, to operate 
effectively in a temporally quantiZed environment. 

[0018] Another novel aspect of the duty cycle selector 
mechanism is its Bresenham Sequence Generator, a class of 
mechanisms for real-time generation of high frequency 
dither patterns of arbitrary resolution, eliminating the 
requirement for pattern storage. This class of mechanisms 
evolves from the insight that the generation of high fre 
quency (minimum ripple) dither patterns can be cast in the 
frameWork of the classic problem of “draWing” straight lines 
on matrix imaging devices. 

[0019] When these insights are combined in a duty cycle 
control mechanism featuring a novel duty cycle quantiZation 
mechanism for determining, for a target duty cycle estimate, 
a ?rst set of three or more quantiZed duty cycles, speci?ed 
in terms of their quantiZed ON and OFF times, and suitable 
for regulating the output voltage, and a novel output-volt 
age-error-estimate-driven duty cycle selector mechanism for 
determining the turn OFF and turn ON times of the sWitch 
ing device by choosing, cycle by cycle, from a second set of 
tWo or more quantiZed duty cycles, derived from the ?rst set, 
the potential for signi?cantly reducing the output voltage 
error induced by quantiZation, relative to prior art duty cycle 
control mechanisms, is realiZed. To illustrate the latter point, 
the choosing of ON time/OFF time pairs, instead of ON 
times, means that the choice (of duty cycle) can be broken 
into tWo choices: ON time and OFF time; so that feedback 
measured during the ON time may be applied virtually 
instantaneously to regulate the output voltage. 

[0020] In accordance With the present invention, a method 
is presented for converting an input voltage to an output 
voltage by means of a sWitched-mode DC/DC converter; the 
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input voltage being converted into an output voltage With the 
aid of a power stage, including at least one controllable 
switch, Which is turned ON and turned OFF by a control 
device characterized in that oWing to the temporal resolution 
of the control device (At), both the turn ON and turn OFF 
times of the controllable sWitching device are constrained to 
be integral multiples of At. 

[0021] Central to this method is a duty cycle control 
mechanism for controlling the duty cycle of the controllable 
sWitching device; the duty cycle control mechanism incor 
porating a mechanism for estimating the output voltage 
error, VE, said estimates being constrained to a set of 
discrete values; a mechanism for estimating the target duty 
cycle, DT; a duty cycle quantization mechanism for deter 
mining, for a target duty cycle estimate, a ?rst set of three 
or more quantized duty cycles, speci?ed in terms of their 
quantized ON and OFF times, and suitable for regulating the 
output voltage, characterized in that the sum of the quantized 
ON time and OFF time of each duty cycle (in said ?rst set) 
is constrained to a set of discrete values {TsWi} (i=1, 2, . . 
. I) Where I is a positive integer and TsWi is an integral 
multiple of At; and an output-voltage-error-driven duty cycle 
selector mechanism for determining the turn OFF and turn 
ON times of said controllable sWitching device by choosing, 
cycle by cycle, a quantized duty cycle (and its corresponding 
ON time/OFF time pair) from a second set of tWo or more 
quantized duty cycles, derived from said ?rst set, choosing 
in such a manner that the amplitude of the output voltage 
error is continually minimized. 

[0022] In accordance With the present invention, a 
sWitched-mode DC/DC converter is presented, comprising; 

[0023] A poWer stage for the purpose of converting an 
input voltage into at least one output voltage, the poWer 
stage including at least one controllable sWitching device; 
and 

[0024] A control device for the purpose of turning ON and 
turning OFF the controllable sWitching device, characterized 
in that oWing to the temporal resolution of the control device 
(At), both the turn ON and turn OFF times of the controllable 
sWitching device are constrained to be integral multiples of 
At; and 

[0025] A duty cycle control mechanism for controlling the 
duty cycle of said controllable sWitching device, compris 
ing: 

[0026] A mechanism for estimating output voltage error, 
VE; said estimates being constrained to a discrete set of 
values, and 

[0027] A mechanism for estimating the target duty cycle, 
DT; and 

[0028] A duty cycle quantization mechanism for determin 
ing, for a target duty cycle estimate, a ?rst set of three or 
more quantized duty cycles, speci?ed in terms of their 
quantized ON and OFF times, and suitable for regulating the 
output voltage, characterized in that the sum of the quantized 
ON time and OFF time of each duty cycle (in said ?rst set) 
is constrained to a set of discrete values {TsWi} (i=1, 2, . . 
. I) Where I is a positive integer and TsWi is an integral 
multiple of At; and 

[0029] An output-voltage-error-estimate-driven duty 
cycle selector mechanism for determining the turn OFF and 
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turn ON times of said controllable sWitching device by 
choosing, cycle by cycle, a duty cycle (and its corresponding 
ON time/OFF time pair) from a second set of tWo or more 
quantized duty cycles, derived from said ?rst set, choosing 
in such a manner that the amplitude of the output voltage 
error is continually minimized. 

[0030] In a preferred embodiment, the duty cycle selector 
mechanism determines tum OFF and turn ON times by 
choosing, cycle by cycle, an ON time/OFF time pair from a 
set of tWo quantized ON time/OFF time pairs, extracted 
from a table (of sets) generated by an off-line duty cycle 
quantization procedure and indexed by the estimated target 
duty cycle; choosing the ON time/OFF time pair With the 
loWer implied duty cycle When the output voltage error 
estimate is positive (i.e., the output voltage is higher than the 
desired output voltage), and the pair With the higher implied 
duty cycle When the output voltage error estimate is nega 
tive. 

[0031] In a second preferred embodiment, the duty cycle 
selector mechanism determines tum OFF and turn ON times 
by choosing, cycle by cycle, an ON time/OFF time pair from 
a second set of three quantized ON time/ OFF time pairs, 
derived from a ?rst set of quantized ON time/OFF time pairs 
generated by the duty cycle quantization mechanism; choos 
ing the ON time/OFF time pair With the loWest implied duty 
cycle When the output voltage error estimate is highest, and 
the pair With the highest implied duty cycle When the output 
voltage error estimate is loWest, and the remaining pair When 
the output voltage error estimate is neither highest nor 
loWest. 

[0032] In a third preferred embodiment, the duty cycle 
selector mechanism determines tum OFF and turn ON times 
by choosing, cycle by cycle, an ON time/OFF time pair from 
a second set of six quantized ON time/ OFF time pairs, 
derived from a ?rst set of quantized ON time/OFF time pairs 
generated by the duty cycle quantization mechanism; choos 
ing the ON time/OFF time pair With the loWest implied duty 
cycle When the output voltage error estimate is highest, and 
the pair With the highest implied duty cycle When the output 
voltage error estimate is loWest, and one of the remaining 
intermediate pairs When the output voltage error estimate is 
one of the corresponding intermediate values. 

[0033] Those skilled in the art Will understand that the 
digital duty cycle control mechanism of the present inven 
tion may be implemented in mixed signal circuitry including 
logic circuits and/or a microprocessor With appropriate 
softWare or ?rmWare. Further, those skilled in the art Will 
understand that the digital duty cycle control mechanism of 
the present invention may be applied to any DC/DC con 
verter topology, including but not limited to buck, boost, 
inverting buck-boost, forWard, and ?yback converters. 

[0034] The folloWing ?gures and descriptions disclose 
other aspects and advantages of the proposed invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] Various aspects and features of the present inven 
tion may be understood by examining the folloWing ?gures: 

[0036] FIG. 1 is a block diagram illustrating a prior art 
digital duty cycle control mechanism. 

[0037] FIG. 2 is a block diagram illustrating a digital duty 
cycle control mechanism according to the present invention. 
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[0038] FIG. 3 is a block diagram illustrating one embodi 
ment of a digital duty cycle control mechanism according to 
the present invention. 

[0039] FIG. 4 is a block diagram illustrating a second 
embodiment of a digital duty cycle control mechanism 
according to the present invention. 

[0040] FIG. 5 is a block diagram illustrating a third 
embodiment of a digital duty cycle control mechanism 
according to the present invention. 

[0041] FIG. 6 is a table of variable-frequency duty cycle 
pairs indexed by the estimated target duty cycle. 

[0042] FIG. 711 describes the sWitching Waveforms of a 
three-phase buck converter. 

[0043] FIG. 7b describes the sWitching Waveforms of a 
three-phase buck converter. 

[0044] FIG. 811 describes the sWitching Waveforms of a 
three-phase buck converter. 

[0045] FIG. 8b describes the sWitching Waveforms of a 
four-phase buck converter. 

[0046] FIG. 9 describes the sWitching Waveforms of a 
three-phase buck converter. 

[0047] FIG. 10 describes the sWitching Waveforms of a 
three-phase buck converter. 

[0048] FIG. 11 describes the output voltage error Wave 
form of a buck converter. 

[0049] FIG. 12 describes the output voltage error Wave 
form of a boost converter. 

[0050] FIG. 13A is an illustration of Bresenham’s Algo 
rithm in a line draWing application. 

[0051] FIG. 13B is an illustration of Bresenham’s Algo 
rithm in a duty cycle sequencing application. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0052] A broad class of sWitched-mode DC/DC poWer 
converters exists With the property that the ratio of the 
average output voltage to the input voltage is determined by 
the average duty cycle of a controllable sWitching device 
Within the poWer conversion stage of the converter. 
Examples include buck, boost, inverting buck-boost, for 
Ward, and ?yback converters, operated in the continuous 
conduction mode (CCM). Where the load on the poWer 
converter varies dynamically, or there is a requirement to 
track changes in load With minimal output voltage error, 
regulation of these converters is accomplished by continu 
ally estimating the output voltage error (the output voltage 
error being the dilference betWeen the uncorrupted output 
voltage and the desired output voltage) and continually 
adjusting the duty cycle of the sWitching device to compen 
sate for changes in load conditions manifest in output 
voltage error estimates. In this case, the act of regulation 
consists of controlling, cycle by cycle, the duty cycle of the 
sWitching device in accordance With output voltage error 
estimates, so that the amplitude of the output voltage error 
is continually minimized. 

[0053] Regulation mechanisms for this purpose, knoWn as 
PWM regulators, generally incorporate a pulse Width control 
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mechanism and a duty cycle control mechanism, Where the 
former generates the ON pulse appropriate to the realiZation 
of the duty cycle generated by the latter. Accordingly, the 
goal of the duty cycle control mechanism is to estimate the 
target duty cycle (the target duty cycle being the duty cycle 
essential to achieve the desired output voltage). A duty cycle 
control mechanism is commonly a feedback mechanism, 
driven by the output voltage error, but it could as Well be a 
feedforWard mechanism, driven by the input voltage, or it 
could be some combination of the tWo. 

[0054] (Current sense input is another input frequently 
available to the duty cycle control mechanism, for a variety 
of purposes. Most importantly, current sense input enables 
the duty cycle control mechanism to observe speci?ed 
current limits critical to safe and/or ef?cient operation. 
Current sense input may further be applied in concert With 
output voltage feedback to improve the response to step 
changes in load. In the description that folloWs, discussion 
Will focus primarily on voltage mode control, With a brief 
discussion on the topic of current balancing in multi-phase 
buck converters, near the end. The reader skilled in the art 
Will understand that the digital duty cycle control mecha 
nism disclosed herein may be applied With trivial modi? 
cation in the case Where current sense input augments output 
voltage feedback.) 
[0055] The most commonly used pulse Width control 
mechanisms are analog in nature; that is they accept as input 
a continuously variable analog signal representing the 
desired duty cycle, and they output pulses of continuously 
variable Width. As in other previously analog ?elds, con 
tinuous advances in integrated circuit technology have 
stimulated the application of digital techniques to the ?eld of 
poWer conversion. As a result, the ?rst digital PWM control 
mechanisms, replacing analog PWM control mechanisms, 
have been developed and are being applied together With 
digital duty cycle control mechanisms, to realiZe digital 
implementations of familiar analog PWM regulators. It is 
the nature of such mechanisms that the generated pulse 
Widths (and consequently, the commanded duty cycles) are 
quantiZedia consequence of the temporal resolution of the 
digital PWM control mechanism. If the temporal resolution 
of the regulation mechanism is At, then the pulse Widths are 
constrained to be integral multiples of At. For the purposes 
herein, We shall assume that sWitching cycles, spanning 
consecutive ON and OFF pulses, are likeWise constrained to 
be integral multiples of At. 

[0056] FIG. 1 describes a prior art sWitched-mode DC/DC 
poWer converter (cf. U.S. Pat. No. 6,677,733) comprising 
poWer stage 100 for the purpose of converting input voltage 
Vin to output voltage Vout; ?xed-frequency control device 
150 for the purpose of turning ON and turning OFF the 
controllable sWitching device 110, included in poWer stage 
100; and duty cycle control mechanism 200 for controlling 
the duty cycle of sWitching device 110. 

[0057] Because control device 150 is a ?xed-frequency 
control device, it turns ON sWitching device 110 at ?xed 
intervals, TsW. Control device 150 turns OFF sWitching 
device 110 by translating (if necessary) duty cycle input into 
ON time, cycle by cycle. 

[0058] The duty cycle control mechanism is comprised of 
an output voltage error estimator 230, a mechanism for 
generating, from an output voltage error signal, an estimate 
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of the uncorrupted output voltage error, and an output 
voltage-error-estimate-driven duty cycle selector 250 for 
determining the turn OFF and turn ON times of switching 
device 110, in such a manner that the amplitude of the output 
voltage error is continually minimized. 

[0059] The output voltage error estimator frequently takes 
the form of a PID (proportional-integral-dilferential) ?lter, 
operating on an output voltage error signal. Such is the 
nature of output voltage error estimator 230. In duty cycle 
control mechanism 200, the estimate of the output voltage 
error is sampled by duty cycle selector 250 at the end of 
every sWitching cycle, and the value applied to select the 
duty cycle of the next sWitching cycle, thereby determining 
turn OFF and turn ON times of sWitching device 110. 

[0060] Accordingly, the duty cycle selector 250 chooses, 
cycle by cycle, Dmin or Dmax (Dmin and Dmax having 
been speci?ed as the minimum and maximum duty cycles 
essential to maintain the desired output voltage (V do) over 
the anticipated range of line and load conditions); choosing 
Dmin When the output voltage error estimate is positive (i.e., 
the uncorrupted output voltage is higher than the desired 
output voltage), and Dmax When the output voltage error 
estimate is negative. Regulation is achieved as the time 
average of consecutive duty cycle selections approaches the 
target duty cycle. 

[0061] While the simplicity of the duty cycle control 
mechanism described above is appealing, the duty-cycle 
quantization-induced output voltage ripple can become 
intolerable if the range of input voltage, and consequently 
the spread of Dmin and Dmax, is too Wide. 

[0062] FIG. 2 describes a sWitched-mode DC/DC poWer 
converter according to the present invention, comprising 
poWer stage 101 for the purpose of converting input voltage 
Vin to output voltage Vout; control device 151 for the 
purpose of turning ON and turning OFF the controllable 
sWitching device 111, included in poWer stage 101; and duty 
cycle control mechanism 201 for controlling the duty cycle 
of sWitching device 111. 

[0063] The control device 151 is further characterized in 
that, oWing to the temporal resolution of the control device, 
At, both the turn ON and turn OFF times of the controllable 
sWitching device are constrained to be integral multiples of 
At. Because control device 151 is not a ?xed-frequency 
control device, it must input ON times and OFF times in 
order to turn ON and turn OFF sWitching device 111. 

[0064] The duty cycle control mechanism is comprised of 
a target duty cycle estimator/ output voltage error estimator 
231, a mechanism for estimating, from output voltage error 
signals or input voltage signals or a combination of both, the 
target duty cycle, DT, and the uncorrupted output voltage 
error, VE; a variable-frequency duty cycle quantizer 221 for 
determining, for a target duty cycle estimate, a ?rst set of 
three or more quantized duty cycles (DQj j=-J, . . . —l, 0, l, 
. . . I, ordered from loWest to highest) in the neighborhood 

of the target duty cycle DT, and suitable for regulating the 
output voltage; and an output-voltage-error-estimate-driven 
duty cycle selector 211, for determining the turn OFF and 
turn ON times of sWitching device 111 by choosing, cycle by 
cycle, a quantized duty cycle (and its corresponding ON 
time/Olf time pair) from a second set of at least tWo 
quantized duty cycles (DQk k=l, 2, . . . K, ordered from 
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loWest to highest) derived from the ?rst set of quantized duty 
cycles DQj, choosing in such a manner that the amplitude of 
the output voltage error is continually minimized. 

[0065] In a digital implementation, the target duty cycle 
estimator 231 frequently takes the form of a digital PID 
(proportional-integral-differential) ?lter, operating on an 
output voltage error signal. According to the present inven 
tion, the ?lter may operate on an input voltage signal in lieu 
of or in addition to the output voltage error signal. Similarly, 
the output voltage error estimator 231 may be implemented 
as a PID ?lter. PID ?lters provide the possibility of trading 
oif delay for improved signal-to-noise ratio. Where delay 
must be minimized, even at the price of a less accurate 
output voltage error estimate, a bi-valued or tri-valued 
output voltage error estimate derived via binary or a ternary 
comparator (a binary comparator With a dead zone) is simple 
and effective. Such is the nature of output voltage error 
estimator 231. Furthermore, in duty cycle control mecha 
nism 201, the output-voltage-error-driven duty cycle selec 
tor 211 chooses the duty cycle based on samples of the 
output voltage error estimate taken during the ON time or 
the OFF time or both. 

[0066] In the case that duty cycle selector 211 chooses the 
duty cycle based on samples of the output voltage error 
estimate taken during the ON time, the estimate of the output 
voltage error is sampled by duty cycle selector 211 after the 
turn ON time but before the choice of duty cycle has been 
determined, so that it may be applied (by duty cycle selector 
211) in time to effect the turn OFF implicit in the chosen 
duty cycle. For a buck converter, Where the output voltage 
error excursions are symmetric With respect to the mean, a 
bi-valued or tri-valued output voltage error estimate may be 
derived straightforwardly by sampling the output voltage 
error via a binary or a ternary comparator. Because the error 
voltage is sensed by a comparator, rather than by an A/D 
converter, the ideal error sampling time is determined by the 
change in the polarity of the error, as shoWn in FIG. 11. 
Inasmuch as this change in polarity occurs approximately 
midWay through the ON time, one might use half the 
“average” of the ON times of DQk to determine the error 
sampling time. To illustrate, the sampling time referenced to 
the turn ON time might be set equal to % (ONl+ONK), 
rounded up (if necessary) to the nearest multiple of At. 
(Rounding up provides compensation for delay in the path 
through the sWitch.) This computation of the sampling time 
must be done as often as set DQk changes. Another method 
for determining the sampling time is to bring the converter 
into regulation at start-up, and then determine empirically, 
by sampling the comparator at consecutive clocks, the point 
(referenced to the turn ON time) at Which the error changes 
its polarity. This method has the advantage that it inherently 
compensates for delay in the path through the sWitch. 

[0067] Where a buck converter is used to convert a 
high-level input voltage to a loW-level output voltage, 
implying a small duty cycle (and consequently a small ON 
time), the output voltage error estimate may be sampled 
during the OFF time rather than the ON time. In this case, 
the choice of duty cycle Would be determined, and applied 
(by duty cycle selector 211) in time to effect the turn ON 
implicit in the chosen duty cycle. Methods for determining 
the error sampling time (referenced to the turn OFF time) 
Would be analogous to those outlined above for ON time 
sampling. 


























